Abstract A new filter-breed approach to pulse-echo imaging capable of parallel processing of multiple image lines has been developed. A major application of this approach is in true real-time 3D imaging, e.g., in cardiac imaging.
INTRODUCTION
In pulse-echo ultrasound imaging, the data acquisition rate of a single image line is determined by the speed of sound in the medium and the maximum imaging depth. Therefore, parallel acquisition and processing of echo data from multiple image lines are required for real-time reconstruction of an image consisting of a large number of scan lines (as in 3D cardiac imaging). One approach to achieving parallel image line processing is via coded-excitation.
The use of coded-excitation, which is typically implemented by driving transmit elements with properly selected coded sequences, generates independent coded wave fronts traveling along different image lines. Ideally, if these coded wavefronts are orthogonal, a matched filter bank can be used for ext ratting echoes from all the image lines in parallel. The major drawback of using matched filtering is that imperfect orthogonality between coded wavefronts msociated with different image lines significantly affects the image reconstruction quality. Hence, efforts were directed towards improving coded-excitation methods and coded sequence selection in order to achieve better coding results.
Due to the limitation of using finite length coded sequences, however, the established coded wavefronts are always mutually correlated. Conventional coded-excitation systems usually suffer from severe correlation artifacts and therefore fail to find applications in medical imaging.
To address this problem, we have recentrly proposed a new codedexcitation pulse-echo imaging system. 1-3 The system achieves parallel image line processing by employing a transversal filter bank consisting of a set of pseudoinverse filters. Unlike a matched filter bank, this filter bank is designed to be capable of decoupling echoes from different image lines before providing matched filtering along the range direction.
Thus, the correlation artifacts caused by nonideal spatial coding can be significantly reduced. This overcomes a major drawback which has been obstructing the use of codedexcitation imaging systems in medical imaging. In this paper we introduce a general analytical formulation of the image formation process of our coded excitation system as well as the matched filtering and conventional beamforming approaches. This analytical approach allows for a quantitative characterization of the spatial and contrast resolution levels achievable by the filter based image reconstruction.
A description of the system model leading to the filter-based image reconstruction approach will be given. A "resolution operator" is then introduced based on the discretized linear receive data model. Finally, we give several experimental examples illustrating the use of the resolution operator in characterizing the spatial and contr=t resolution of the new system.
SYSTEM MODEL
We begin with an overview of the proposed coded-excitation imaging modality.1-3 Referring to a typical lD linear array imaging system shown in Figure 1 , a set of mutually uncorrelated coded sequences is launched into the medium via transmit elements to generate coded wavefronts. A receive beamformer is then employed to selectively receive echoes from NO image lines within a range interval [Rmtn, Rmcz] and m~k echoes and noise from other directions to improve signal to noise ratio (SNR).2 Assuming scatterers on each image line are located on a uniform grid and the system impulse response is range shift invariant (RSI) along each image line, 1,2 the beamformer givesa sing]e receive signal equal to the coherent sum of echoes onlYfrom on-grid scatterers in the ROI. A discretized version of this receive signal, denoted as f(k), can be written as
where N, is the grid size determined by the range interval size and the sampling rate, n(k) is the noise signal, gi(k -j) is the system impulse response created by a unit strength scattererlocated on the i-th image line at the j-th range grid position, and Si (j) is the actual scatterer strength at that location. Thus, a unique minimum-norm least square estimate (denoted by S below) of the scatterer vectors can be given by
The superscripts *, t and t represent conjugate, transpose and generalized inverse operators, respectively. Equation 3 has been shown to provide a basis for the filter bank reconstruction described in Figure 1 . Based on (3), we have produced, to the best of our knowledge, the first image reconstructions from a speckle generating phantoms b~ed on a coded-excitation system such as the one described above. The operator (GG*f)t is a decoupling operator. lVe show analytictily that this operator defines the spatial and contrast resolution of the system. Illustrative experimental examples of the properties of this operator will be given.
